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Abstract
Copper (I) oxide (Cu2O) has enormous potenetial for photovoltaic applica-
tions. Cu2O is a p-type semiconductor with a direct band gap of 2.2 eV. When grown
on silicon, thin film Cu2O has the potential to increase photovoltaic efficiency. Cu2O
is a suitable photovoltaic material because it is inexpensive, non-toxic and abundant
in the earth’s crust.
A model was developed based on a stagnation flow reactor with a reduction in
activation energy for the precursor decomposition due to the light irradiation to model
the light irradiation. The parameters that were tested were substrate temperature
(200 to 700 ◦C), gas temperature (100 and 150 ◦C) and carrier gas flow rate (25 to
100 sccm). The model was tested with a 480 nm and 172 nm light irradiation source
and without any light irradiation source.
This thesis utilizes a photo assisted chemical vapor deposition reactor to de-
posit films of Cu2O on silicon. The films were grown with a surface temperature of
700 ◦C, a gas temperature of 150 ◦C and an oxygen gas flow rate of 100 sccm. One
deposition was done without the use of any light irradiation and another deposition
was done with a 480 nm light irradiation source.
X-ray diffraction, ellipsometry and transmission electron microscopy (TEM)
were used to investigate the light irradiation effect on the film growth and morphology.
When grown with light irradiation, the ellipsometer showed that the film thickness
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increased to 98 ± 6 nm from 74 ± 10 nm, which shows that there is greater uniformity
with a higher thickness when grown with light irradiation. The XRD results showed
an increase in crystallinity in Cu2O grown with light irradiation, and the TEM results
showed the grain sizes double when grown with light irradiation. The UV irradiation
has been shown to increase the copper (I) oxide film quality and film thickness.
The model showed that the effect of the light irradiation was maximized at
a surface temperature of 400 ◦C. After this temperature the thermal effects become
more dominant. With light irradiation, O2 flow rate is the limiting factor past a
surface temperature of 300 ◦C, and without light irradiation O2 flow rate is a limiting
factor past 500 ◦C. With the use of a 172 nm light irradiation source, growth rates
increased more than 25%.
iii
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Chapter 1
Introduction to Solar Energy
1.1 Motivation for Renewable Energy
With increasing energy usage coupled with the rapid depletion of fossil fuels,
there is a need to research clean, renewable energy sources. Energy consumption in-
creases about two percent every year worldwide and will double by 2050 [1]. Figures
1.1 and 1.2 show the energy usage globally and in the US by type of fuel. Nonrenew-
able energy, such as coal, natural gas and oil, account for about 87% of total energy
usage globally and in the U.S.. While the proportion of non renewable energy has
stayed constant globally over the last 22 years, in the U.S. the use of nonrenewable
energy has been decreasing [1]. This is due to developing nations, such as China and
India being more reliant on energy sources such as coal and oil to keep up with their
increasing energy demands [1]. It has been estimated that at this rate the supply of
coal, natural gas and oil will be depleted within the next 200 years [2]. Renewable
energy sources, such as solar, wind and geothermal, only account for 2% of primary
energy usage. The majority of the renewable energy in the world comes from wind
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Figure 1.1: Global energy consumption by fuel type 1990-2012 [1]
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Figure 1.2: U.S. energy consumption by fuel type 1990-2012 [1]
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and geothermal. Solar energy plays a very small role even in the renewable energy
sector, and with the increasing global demand for energy and the rapid depletion of
fossil fuels, renewable energy must become a larger part of the energy landscape.
Solar energy has the potential to be one of the leading resources of clean, re-
newable energy. Every year the earth receives over 23,000 TW-yr per year of solar
energy. For comparison the world population uses about 16 TW-yr per year. 98 per-
cent of the world population receives more than 3 kilowatt-hour/m2 of solar radiation
[3]. Currently, worldwide solar consumption is 93 TW-h, and the U.S. consumes 4.4
TW-h of solar energy. Figures 1.3 and 1.4 shows the increase in solar energy uti-
lization from 2005-2012. Over the course of the seven years, there is a very rapid
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Figure 1.3: Global growth rate of solar energy [1]
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Figure 1.4: Growth rate of solar energy in the U.S. [1]
growth of solar power. Since 2005, solar energy has grown 2400% globally and 688%
in the U.S.. From 2011 to 2012, solar energy capacity has increased 43% worldwide
and over 84% in the U.S.. This is due to new technology, government policies and
cost[4]. Over the last fifty years, the costs of photovoltaic modules have decreased
exponentially [5]. This caused the solar energy market to have phenomenal growth
this decade. Cheaper more efficient photovoltaic cells must be developed to continue
this trend.
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1.2 Material Choice for Photovoltaic Technology
When developing any new photovoltaic technology, the cost and efficiency are
the two main driving forces. It will have to have a low $/W production [6]. A
high efficiency solar cell will maximize the land area used to generate power. A low
cost material would not only have to have a low raw material cost, but also a low
processing and maintenance cost as well [6]. One way to increase efficiency of a
photovoltaic module is to increase the spectrum which can absorbed by the module
from the sun. Multijunction solar cells use multiple materials of different band gaps,
tuned to different wavelengths of light. to reduce losses and increase the amount
of sunlight that can be captured [7]. Currently, III-V multijunction solar cells have
reached close to 50% efficiency [8]. The main issue with III-V solar cells is the high
costs associated with the raw materials. This is why they are only used in niche
applications such as for Satellites or space stations [7].
There are five main criteria a material must meet to make it viable for use in
solar cells. It must have:
(1) no material supply constraints,
(2) a low cost of ownership,
(3) a low production cost,
(4) prospect of further cost reduction and
(5) it must have minimal environmental safety and health issues. [9]–[11]
Table 1.1 shows the relative costs and abundance of materials commonly used
in thin film solar cells [12]. For III-V materials such as gallium, the abundance is
5
Table 1.1: Commonly used elements in photovoltaic devices [12]
Elements Amount relative in Earth’s Crust (ppm) Cost ($/100 g)
Bismuth 0.009 39
Cadmium 0.150 46
Tin 2.200 24
Gallium 19.000 220
Indium 0.160 968
Selenide 0.060 61
Copper 68.000 10
Zinc 78.000 5
high but the cost of the pure material is much too high to be used in large scale solar
farms. At 68 ppm and $10 per 100 grams, copper oxide is a viable material to use as
an active material in Solar Cells.
Copper (I) oxide is a p-type, direct band gap material, with a band gap of
2.137 eV. Zinc is also a very cheap and abundant material, at $ 5 per 100 g and 78
ppm. Zinc Oxide has a direct band gap of 3.3 eV, and if used in a heterojunction
with Cu2O the theortetical efficiencies can reach up to 20 %, but currently Cu2O/ZnO
heterojunction cells have only reached 2 % efficiency. The efficiency of heterojunction
solar cells is highly dependent on the quality of film and the interface between the
junctions [13].
This thesis utilizes a photo assisted chemical vapor deposition reactor to grow
Cu2O thin films on silicon. The objective of this work is to improve the film quality
by controlling the film thickness, uniformity and by increasing the grain size. To
achieve this depositions were done with and without the use of a light irradiation
and Cu2O films were characterized to analyze the effects of the light irradiation. A
mathematical model was developed to predict the growth rate of the thin films grown
with and without light irradiaton.
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Chapter 2
Background to Thin Film
Deposition for Copper (I) Oxide
Thin film deposition is critical for the performance of device electronics. The
performance of devices such as LEDs and photovoltaic cells depend on the electrical
and optical properties of the thin film. Electrical and optical properties of a thin film
can be improved with more uniform growth, larger grains and fewer grain boundaries
[14]. Copper (I) oxide is grown with a wide variety of methods, including sputtering,
pulsed laser deposition, electrochemical deposition and chemical vapor deposition.
This chapter discusses the mechanisms of these deposition methods used for copper
(I) oxide [15]–[19]. This chapter also compiles research on the modeling of a photo-
assisted CVD reactor. The review discusses the gas phase and surface kinetics of the
formation of Cu2O thin films and the photodecomposition process of the precursor.
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2.1 Thin Film Deposition Methods for Copper
(I) Oxide
2.1.1 Sputtering
Sputtering is a physical evaporation method in which at high pressure, ener-
getic particles, such as argon ions, bombard metal atoms out of the target. Once
these metal atoms are knocked out, the atoms then get deposited to a substrate near
the target. Sputtering allows for a high deposition rate with effective control of the
composition and gives good step coverage. Some disadvantages are possibilities of
contamination, and possibilities for plasma damage. Sputtering is best when used for
alloys and for good for ohmics [20]–[22].
2.1.1.1 Cu2O thin film growth with sputtering
Cu2O thin films were deposited on TiN and SiO2 using a radio frequency
sputtering deposition by Yang et al. The film properties and growth rate depended
heavily on the oxygen pressures, substrate temperature, sputtering pressure, power
and deposition distance. At a room temperature deposition the film showed to exhibit
more stress. X-ray diffraction data showed that CuO did form on the surface, and
copper metal began to form at temperatures higher than 250 ◦C. The formation of
copper metal caused a high leakage current in the device [15].
2.1.2 Pulsed Laser Deposition
Pulsed Laser Deposition is a growth method that was developed in 1986 as a
response in the demand for high temperature superconductors. It was popularized for
8
its fast and reproducible and solved issues of epitaxial growth of oxides. Currently,
PLD is used for semiconductors, superconductors, insulators, metals and organic
materials. PLD is a physical vapor deposition process that uses pulsed lasers as an
energy source to evaporate materials onto a film. Each laser pulse will vaporize the
target material and the material is ejected from the target in a highly directive plume
that provides the flux for film growth. PLD is useful for complex film growth becasue
of the stoichiometric transfer, generation of energetic species and can be used in a wide
range of pressure environments. One of the disadvantages associated with PLD are is
the particles that are ejected from the use of high energy lasers. These particles can
negatively effect the desired properties of the film. The largest disadvantage of PLD
is the difficulty of scaling up to large wafers. The area of uniformity is approximately
1 cm2 [23].
2.1.2.1 Cu2O thin film growth with Pulsed Laser Deposition
Jawad et al. developed a pulsed laser deposition method to deposit Cu 2O thin
films on glass substrates. The energy source used was a Nd:YAG laser which was used
on a Cu2O target four centimeters away. X-ray diffraction showed a a preferred crystal
orientation of (111) and very little (200) at a deposition temperature of 300 ◦C. When
the deposition temperature increased to 500 ◦C, CuO was formed. This indicated that
the chemical composition changed with a change in deposition temperature. Atomic
force microscopy (AFM) indicated a grain size of 28 nm and a height of 30 nm [24].
2.1.3 Electrochemical Deposition
Also known as electroplating, is a deposition technique that is used in a wide
variety of processes. It has found use in microelectronics to deposit micrometer layer
9
films for solder and interconnects [25]. Electroplating utilizes an electrical current to
reduce cations from a metal solution that can then be deposited onto a conductive
substrate. Electroplating is very useful in coating layers more than a micrometer thick
[26]. Other deposition methods tend to suffer from stress when trying to deposit a
thick layer. Figure 2.1 shows the mechanism for electrochemical deposition. The
cathode is the substrate that is being plated and the anode is typically made of
the metal that is going to be deposited. The solution bath is made of an aqueous
solution of the metal that is going to be deposited. For example, a typical solution
used to electroplate copper is CuSO4. The metal forms at the anode and forms a
cation, which is attracted to the substrate (cathode). At the substrate the cations
Anode 
M+ 
M+ 
M+ 
M+ 
Direction of 
Current 
Aq- 
Aq- 
Aq- 
Aq- 
(Substrate to 
be plated) 
Cathode 
Electrolytic (Aqueous) Solution 
Figure 2.1: Mechanism for electrochemical deposition
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get reduced which is when the pure metal deposits on the substrate [26].
2.1.3.1 Cu2O thin film growth with Electrochemical Deposition
Zhao et al. deposited Cu2O thin films on an indium doped tin oxide glass
slide. A copper(II) acetate solution was used for the deposition. The films were
characterized by x-ray diffraction and scanning electron microscopy. XRD showed
a preferential orientation along the (200) plane, but (110), (111), (220) and (311)
orientations were also present. similar results were obtained by Switzer et al. and
Golden et al.. The electrodeposited thin films form a nanoflower microstructure which
can be controlled by varying the deposition time and voltage [16], [18], [27].
2.1.4 Chemical Vapor Deposition
Chemical Vapor Deposition (CVD) is a manufacturing process used to deposit
thin films on a substrate. CVD is used to deposit amorphous, single crystal and
polycrystalline thin films for use in semiconductors, metals, and dielectrics. They
are used in a wide variety of processes, such as microelectronics, optoelectronics,
photovoltaic devices as well as fiber optics and superconductors. When compared
with the other deposition processes mentioned, there are a lot of advantages a CVD
reactor has over other processes. They include:
(1) Produce high quality crystals [28]
(2) Relatively low deposition temperatures (room temperature upwards) [28]
(3) uniform deposition [28]
(4) Easy to control crystal structure/ surface morphology through process param-
eters [28]
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Figure 2.2 shows the basic mechanisms of the CVD reactor. It utilizes volatile precur-
sors, which when vaporized, combined with reactant gases will produce a nonvolatile
thin film on a substrate. The process involves the following steps [28]:
(1) Vaporization of the precursor
(2) Transport of the precursor by the carrier gas
(3) Gas phase reactions to produce reactive molecules
(4) Mass transport of the molecules to the surface of the substrate
(5) Surface reactions to form desired film
(6) Removal of by-product Gases from the chamber
There are many different types of CVD reactors. They each have different processing
conditions and mechanisms to initiate and/or stimulate the reactions. Table 2.1 shows
the main types of CVD reactors used in microelectronic processing. They vary from
their deposition pressures, temperatures and energy sources. The photo-assisted CVD
process is the reactor used for this study. This process uses light with wavelengths in
the UV range to contribute to the thermal and quantum effects of the reaction. The
photo-assisted reactor will have a reduced cycle time, enhanced diffusion and have
lower microscopic defects. This all leads to higher performance devices with better
reliability and a greater yield [28]–[30].
2.1.4.1 Precursor Selection for CVD
There are many options for the choice for an organic copper precursor for an
MOCVD reactor. It is critical for the process to choose the best precursor that is
available. First and foremost the precursors need to have appreciable vapor pressures
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Figure 2.2: Step by step mechanism of a chemical vapor deposition reactor
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Table 2.1: Types of CVD reactors [31]
CVD Type Description
Low Pressure CVD at reduced pressures, improves unifor-
mity and has fewer unwanted gas-phase re-
actions
Atmospheric Pressure CVD at atmospheric pressures
MetalOrganic
(MOCVD)
CVD Technique that is based on Metalor-
ganic precursors, can create higher quality
films at lower deposition temperatures
Plasma Enhanced
(PECVD)
Glow-discharged plasmas (RF or DC) to
stimulate gas phase reactions, ideal for or-
ganic coatings
Laser Enhanced Lasers enhance and control the reactions at
the substrates, pyrolitic uses the laser to heat
the substrate, photolytic enhanced gas phase
reactions
Photo Assisted Uses Light (usually UV) to stimulate gas
phase reactions for a lower deposition tem-
perature.
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and high thermal stability. The film quality will depend highly on the quality of the
precursor. A good precursor has to meet the following requirements:
(1) High Purity
(2) non-toxic byproduct
(3) Deposit cleanly
(4) Good Volatility
(5) Long Shelf Life, doesn’t degrade when exposed to environment
(6) Thermal Stability for the transport in the gas phase [32]
Bis(2,2,6,6-tetramethyl-3,5-heptadionato) Copper(II) or Cu(TMHD)2 is the best pre-
cursor available for copper deposition. Unlike Cu(HFAC), there are no toxic byprod-
ucts from the decomposition of the precursor, and Cu(TMHD)2 has a sufficient vapor
pressure and good thermal stability. Figure 2.3 shows the chemical structure of the
precursor [32]–[34].
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Figure 2.3: Chemical structure of Cu(TMHD)2 precursor
2.1.4.2 Cu2O thin films grown with CVD
Chemical vapor deposition (CVD) is another method used to grow Cu2O thin
films. Jeong et al. used CVD to deposit epiaxial Cu2O thin films on Zinc oxide (ZnO)
using a Cu(hfac)2 precursor. XRD showed that the preferred orientation of the Cu2O
thin films was a (220) crystal orientation on ZnO. As the deposition temperature
increased the Cu 2O became more crystalline. At 300
◦C very little crystalline Cu2O
formed, however at a deposition temperature of 400 ◦C highly crystalline Cu2O film
formed. Guglielmo et al. showed that a preferred crystal orientation of (111). There
is a preffered growth of Cu2O with lower temperatures even though the formation
of Cu2O is less activated than CuO. Cu2O forms more readily at chamber pressures
lower than 6 torr. The grain sizes varied from 50 to 200 nm for Cu2O grown with
CVD. Jeong et al showed that CVD is the best method for epitaxial Cu2O growth on
ZnO.
2.2 CVD Modeling
There is a need to properly simulate a CVD system in order to optimize the
parameters to reduce the costs and optimize film growth rate and quality. This can
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greatly reduce experimental time and can have the research focus in on variables
which will greatly affect the growth rate and quality of the film. This section will
highlight current methods used to mathematically model the deposition of copper (I)
oxide with CVD as well as methods used to model a photo-assisted CVD reactor.
David Arna-Chavez et al. developed a model for copper oxide CVD . He
used a response surface model(RSM) to determine trends in the data, then devel-
oped a physical model using thermodynamic, reaction and chemical species transport
mechanisms. The RSM model was developed to identify the model terms that are
statistically irrelevant. With the RSM model, it was determined that the amount of
Cu2O relative to CuO will decrease with increasing O2 flow. Also, from the RSM
model it was determined that the amount of Cu2O relative to CuO will increase with
increasing temperature. There are two distinct components to the model developed;
the first is the reaction equilibrium calculation for the reactant gas from the CuI
precursor. The second component is the oxygen transport model that determines the
maximum O2 concentration as a function of reactor position. The physical model
predicts that the CVD of copper oxide is mainly governed by surface reaction, rather
than gas-phase reactions [35].
Raja developed a CVD stagnation flow model for the deposition of a multicom-
ponent system (YBa2Cu3O7) with Cu(THD)2 as one of the precursors. A stagnation
flow consists of a gas inlet that is parallel to the wafer which carries the precursor
into the deposition chamber. The governing equations for a stagnation flow reactor
incorporate the dynamic effects in the stagnation flow field that result in a series of
differential equations. The main differential equations that result are continuity, ax-
ial momentum, radial momentum, thermal energy, species continuity and equation of
state. The model incorporates the thermodynamic and kinetics of the gas phase and
surface reactions of the precursors. For the model he assumed that the copper oxida-
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tion was too fast to be a limiting factor and that the sticking factor of the species was
1.0. The model was used to optimize the precursor utilization and deposition time.
To maximize both precursor utilization and deposition time, the model predicted that
the optimal deposition time is 52s. When only the precursor is optimized the optimal
time is 96s, and when only the deposition time is optimized the optimal time is 42s
[36].
In addition to using the correct technique for modeling the reactor type and
chemistry, it is also important to correctly model the light dependence of the reaction.
To model a photo assisted reactor, the interaction between the light and the gas phase
reactions must be known. Singh et al. used a light-wavelength dependence on activa-
tion energy to show the relationship between total activation energy to the thermal
and quantum parts of energy. Equation 4.7 and 4.8 below shows the relationship
of the thermal activation energy (ET ) and quantum activation energies (Ehv) to the
total activation energy (ED) where η is the efficiency of the light irradiation. Using
this relationship, the energy from the light will assist in the reaction and reduce the
thermal activation energy of the gas phase reactions [37].
ED = ET + ηEhv (2.1)
ET = ED − ηEhv (2.2)
Adam Boies developed a chemical kinetics model using the Chemkin-pro soft-
ware package. Chemkin allows you to directly input gas phase, gas surface and surface
reaction thermodynamics and kinetics. They modeled the deposition of SiO2 using
TEOS. The reactor was modeled as a plug flow reactor, where the gas phase com-
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position is kinetically limited and all gas properties are uniform. The model was
used to test whether the production of oligomers was significant within the reaction
chamber. The photochemical model was by the photodecomposition of the species.
The example given is the photodecomposition of O2 given by equation 2.3 below.
O2 + hv −−→ 2 O (2.3)
The energy of the photons was at 7.2 eV, or a wavelength of 172 nm. The model shows
that the formation of oligomers was negligible and that the photodecomposition of
oxygen was not the only reaction that led to growth, but also the photodecomposi-
tion of the TEOS precursor. The model gave insights into the coating process for
TEOS[38]. Uzuafa developed a model and simulation for a photo-CVD reactor for
the deposition of silicon from silane. The three fundamental steps of CVD are gas
phase reactions, transport toward the solid surface, and heterogeneous reaction on the
substrate surface. The model is an experimental based model. It is based on a single
wafer reactor with the laser source, with energy of 6.4 eV, and gas feed parallel to the
substrate. The set of nonlinear differential coupled differential was solved iteratively
with a finite difference scheme. Through the model it was calculated that there was
a more uniform deposition if the laser is closer to the wafer substrate. The model
was 50% away from the experimental results but can be improved by changing the
reaction constants[39].
Barhardi et al. used a mercury sensitized photo cvd reactor to grow nano
silicon at low process temperatures for photovoltaic devices. The lamp induced photo
CVD uses incoherent radiation as the photon source and it uses an indirect photol-
ysis mechanism. A series of 11 gas phase and three surface reactions describing this
model. The model is based on the collision theory where allowing the mercury atoms
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to be excited from the ground state and then collide with the SiH4 precursor atoms
to break the bonds Si-H bonds. Because most molecules will not absorb the UV
photons, the process is composed of both thermal and photochemical decomposition.
The growth of the nano silicon was modeled by a statistical physics model. From this
model it was found out that at low temperatures, the photodecomposition was the
dominant reaction while at higher temperatures the thermal decomposition became
more dominant. The temperature at which it changes is calculated as a function of
the activation energies of both the photochemical and thermal decomposition. The
mercury sensitized photo CVD method allowed for high quality films grown at low
temperatures. Geiser has done work on multiscale modeling of plasma enhanced CVD.
The reactor was modeled on a microscopic, mesoscopic and macroscopic scale. The
model had three main steps; the standard transport model, flow model and a multi-
phase model with mobile and immobile zones. For the far field problem, Geiser used
convection-diffusion reaction equations and for the near field problem, Boltzmann-
Lattice equations were used. The model is governed by the Knudsen number, which
represents the molecular mean-free path. For low Knudsen numbers the problem was
treated as a far field problem, and for high Knudsen numbers it was described as a
near field problem. To solve the differential equations, the numerical and analytical
parts were combined in the solver process. With the model they were able to predict
the physical experiments and find the optimal deposition conditions[40].
From the literature, Singh et al. had the most appropriate method for incor-
porating the effect of the light irradiation on growth rate into the model by reducing
the activation energy of the precursor decomposition. Without an in depth study on
the photo decomposition of CU(TMHD)2, the light wavelength dependence on acti-
vation energy is the best way to model the effects of the photo assist. The stagnation
flow model used by Raja et al. describe can model the PACVD reactor, when used
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with the software package Chemkin-Pro.
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Chapter 3
Photo Assisted Chemical Vapor
Deposition Reactor
3.1 Introduction
Photo Assisted CVD (PACVD) utilizes the absorption of light to stimulate the
gas phase decomposition of the precursor as well as the surface. Photo Assisted CVD
reactors provide two main sources of energy, the energy from the light irradiation
as well as the thermal energy. This chapter describes the theory and set up of the
custom built Photo Assisted CVD reactor. The reactor is capable of performing high
temperature cleaning, deposition and in-situ annealing. LabView was used to control
all three of these processes.
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3.2 Photo Assisted CVD Theory
Photo Assisted CVD reactors provide two main sources of energy; the energy
from the UV light as well as the thermal energy from the heaters in the reactor.
Light can initiate non thermal decomposition of organic precursors by having enough
energy to break the bonds in the precursor. The atoms absorb the photons, get into
an excited state and then decay. This process is shown in Figure 3.1 shows this
process [41]. 3.1
Figure 3.1: Photoabsorption-dissociation of a metalorganic precursor
hν 
The energy can be described by two parts; the quantum part and the thermal.
Wavelengths less than 250 nm would provide quantum effects exclusively, while wave-
lengths greater than 800 nm will exclusively have thermal effects. Between 250 and
800 nm, both quantum and thermal effects are present[30], [42]. Equation 3.1 shows
the thermal power of the radiation, P, where ∆f is the frequency band occupied by
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the radiation, h is Plank’s constant, k is Boltzmann constant and T is temperature
in Kelvin.
P = hf∆f{ 1
ehf/kT − 1 +
1
2
} (3.1)
3.3 PACVD Reactor Setup
The photo assisted CVD reactor is composed of five main systems that are all
controlled using LabView automation. These systems are:
(1) Reaction chamber
(2) Substrate heater
(3) Precursor oven
(4) Mass flow controllers for gas flow
(5) Light source
The setup of all the systems is shown in Figure 3.2. The valves that control the
system are solenoid, pneumatic and manual ball valves. The pipes are heated to keep
the temperature constant during the gas flow. All of the parts of the reactor are
shown in Appendix A. Each system associated with the reactor are described below.
The photo assisted CVD reactor is composed of five main systems that are all
controlled using LabView automation. These systems are;
(1) Vacuum system
(2) Substrate heater
(3) Precursor ovens
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(4) Mass flow controllers
(5) Lamp source
Figure 3.2: Experimental set up of the PACVD reactor
Legend
Heater
Sample
Xenon Flash Lamp
Vacuum Pump
I-1
Precursor 
Oven
MFC
UHP O2
PC with 
LabView
MASS FLOW 
CONTROLLER
647B
MFC
T
T
T
T
I-6
Solenoid Valve
Mass Flow 
Controller
Thermocouple
S-13 Heating 
Element
3.3.1 Vacuum System
The deposition has to be done in a vacuum to reduce the amount of unwanted
reactions that occur which will improve film uniformity [31]. The vacuum system
utilizes a Stoke’s rotary roughing pump. These pumps are attached to the main
reaction chamber, which can be used to reach a high vacuum on the order of 10−2
torr. The reaction chamber is made of stainless steel and is fitted with a quartz
viewing window.
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3.3.2 Lamp
A fused quartz arc lamp, by Xenon corporation, was used as the UV source.
The lamp was attached to the quartz viewing window. The wavelength emitted by
the lamp was around 480nm, which is well in the UV range. The UV lamp was
controlled by an RC-500 Pulsed UV curing system and was controlled by LabView.
No attempt was made to find the power output of the lamp.
3.3.3 Substrate Heating
The substrate heating system is connected to a power supply and uses a k-
type thermocouple to measure the temperature. The heater is a Boraelectric Heater
manufactured by Momentive performance materials. The pyrolitic boron nitride and
pyrolitic graphite provide excellent thermal uniformity over the substrate. The heater
has a power output greater than 300 watts/sq inch.
3.3.4 Mass Flow Controller/ Gas Flow
The MKS Mass flow controllers (MFC) are used to control each individual gas
flow to the chamber. A 647B multi gas mass flow controllers by MKS are used to
control two MFC’s at the same time. The MFC’s were setup to control two different
gasses at different flow rates depending on the process step. For the cleaning, a
forming gas made of 80% UHP nitrogen and 20% UHP hydrogen was used. UHP
oxygen was used for the carrier gas as well as the oxidation gas. The gas flow rate
for the oxygen was 100 sccm.
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3.3.5 Precursor Oven
The precursor was put in a ceramic boat (Sigma-Aldrich Z247014-IEA) and
was then kept in a conflate stainless steel precursor oven. Heating tapes were wrapped
around the outside of the oven, and the oven was wrapped in aluminum foil for
insulation which helped the oven reach higher temperatures. A stainless steel tube
was attached to the oven, which was attached to the carrier gas line. As shown in
Figure 3.2, there is a K type thermocouple attached inside the oven.
3.3.6 LabView Automation
LabView by National Instruments is the leading software for hardware integra-
tion [43]. LabView is used to automate the deposition process for the Photo Assisted
CVD reactor. LabView automation is critical in reducing process variation [44]. A
small change in the process can provide undesirable results in the growth of materials
. These undesirable results may include a variation in film thickness and uniformity
[45]. The process variation can be minimized with a completely automated process
[43]. LabView has an interface with the gas flow through mass flow controllers, re-
actor temperatures through thermocouples and the light source. Variations in gas
flow rates and temperatures are reduced by having the ability to observe the reactor
temperatures and gas flow rates in real time. By controlling the light source, the
lamp is automatically shut off when the deposition is done.
3.4 Process Flow
Figure 3.3 shows the process flow for depositing copper oxide on Silicon using
the PACVD system. A more detailed version is in appendix A. Table 4.1 below
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Table 3.1: Processing parameters used for copper (I) oxide deposition
Process Condition Values
Deposition temperature (K) 973.00
Precursor oven temperature (K) 423.00
O2 flow rate (sccm) 100.00
Process pressure (torr) 0.05
shows all of the processing parameters used for the deposition. These parameters
were chosen based on the literature and experimental design [5], [19]. More details on
the parameter selection can be found in Appendix A. Silicon has a very high affinity
for oxygen because of the strong Si-O bonds (5.6 eV) [46]. That is why in step 1, the
etching is done with hydrofluoric acid, to remove any SiO2 layers that would have
formed on the wafer. Once the precursor and wafer are loaded into the reactor, it is
also important to do an in-situ cleaning of the wafer. This is done at low pressure,
and the wafer is cleaned with H2 with the UV lamp on. Once the cleaning is done,
the precursor oven has to be set using LabView. Then the H2 valve must be closed,
and the O2 valve must be opened. Using LabView the lamp must be turned on and
there is a preset program for Cu2O deposition. Once that is run the deposition will
go on for 10 minutes, and once that is done you have to make sure all the heaters and
UV lamps are turned off. The whole process must be done as cleanly as possible to
avoid contamination of both the system or the sample. Contamination of the sample,
pre or post deposition can introduce defects and can lead to undesirable film and film
properties that can interfere with measurements.
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Figure 3.3: Process flow for depositing copper oxide in the PACVD reactor
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Chapter 4
Stagnation Flow Model for Photo
Assisted CVD Reactor
4.1 Introduction
A stagnation flow reactor model was used to predict the growth rate of thin
film copper (I) oxide on a silicon wafer in a photo assisted CVD reactor. The surface is
assumed to be a reactive surface and the reaction leads to spatially uniform chemical
fluxes. Some of the assumptions of a stagnation flow model are:
(1) Epitaxial growth,
(2) Viscous boundary layer,
(3) Rate controlled by mass transfer,
(4) Pressure gradient is held constant,
(5) steady state, and
31
(6) Temperatures of walls and inlet are constant
There are four main parameters tested by this model:
(1) Gas temperature,
(2) Substrate temperature,
(3) Carrier gas flow rate and
(4) Wavelength of the light irradiation source.
Every combination of the parameters listed in Table 4.1 were tested [36], [47], [48].
These parameters were chosen based on the limits of the reactor and film deposition.
This chapter will discuss the equations that run the model, how different aspects
were solved and the inputs required to run the model. The model was created using
Chemkin-Pro and the license was provided by Ms. Amanda Hallock, Dr. Karthik
Puduppakkam and Dr. Chen-Pang Chou from Reaction Design support helped trou-
bleshoot the model.
Table 4.1: Parameters tested in the model
Substrate temperature (◦C) 200 300 400 500 600 700
Gas flow rate (sccm) 25 50 75 100
Lamp wavelength (nm) 480 172 No
Gas temperature (◦C) 100 150
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4.2 Stagnation Flow Model
Table 4.2: Variables used in the model equations
Variables Description
x Distance normal to the Surface (cm)
t Time (s)
T Surface Temperature (K)
M Molar Mass (grams/mole)
u axial velocity (cm/s)
µ Mixture Viscosity (g/(cmsec))
cp Specific Heat (ergs/(moleK))
λ Thermal Conductivity (ergs/cm ∗ sec ∗K)
Yk Mass fraction of the kth species
Zk Site fraction of the kth species at a site
Vk Diffusion velocity of kth species (cm/s)
ρ Mass Density (g/cm3)
s˙k Chemical Rate of Species by Surface Reaction (mole/cm
2sec)
ω˙k Chemical Production Rate of Species (mole/cm
3sec)
Kg Number of Gas-Phase Species
Ks Number of Surface Species
Γn Production rate for surface phase n (mole/(cm
2sec))
Below are the conservation equations that define the boundary conditions and
govern the reactor. The differential equations are solved numerically by the Chemkin-
Pro software as a steady state problem. With steady state there is no time dependent
or transient solution, so all variables with respect to time equal zero [49], [50]. The
equations below are valid as long as the Knudsen number is less than one. The
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Figure 4.1: The configuration of a stagnation flow reactor reprinted without permims-
sion from [51]
knudsen equation is stated below in equation 4.1. The Knudsen number is a ratio
between the mean free path of a molecule, λ, and the characteristic length scale of
the reactor, L.
Kn = λ/L (4.1)
For the case of a CVD reactor, the characteristic length, L, is the distance from
the gas inlet to the substrate which is shown in figure 4.1. For the reactor, the
characteristic length scale is approximately 5 cm. The mean free path, λ, is the
average distance a molecule travels between collisions. The mean free path of a gas
phase molecule is on the order of 0.0001 cm. Using equation 4.1, the Knudsen number
for the stagnation flow reactor is approximately 0.00002 which is much less than one
making the following equations applicable to the reactor [52].
P =
ρRT
M
(4.2)
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Equation 4.2 shown above is the equation of state which is based off of the ideal
gas law. The ideal gas law is essential to establish the relationships among density,
temperature, pressure and species composition [52].
ρ
∂Yk
∂t
= −∂ρYkVk
∂x
− ρµ∂Yk
∂x
+Mk ω˙k = 0(k = 1, K,Kg) (4.3)
The species continuity equation shown in equation 4.3 is derived from continuum
mechanics. The species composition in the reactor is conserved, it is treated as a
closed system where species cannot be created nor destroyed in the reactor. The
species continuity depends on the velocity of the fluid, Vk.
1
ρ
∂ρ
∂t
=
∂u
∂x
− 2V − µ
ρ
∂ρ
∂x
= 0 (4.4)
The Mixture continuity equation is shown in equation 4.4 is also derived from con-
tinuum mechanics. It is a conservation equation stating that the gas mixtures are
conserved [50], [52].
dZk
dt
=
s˙k
Γn
= 0(k = 1, K,Ks) (4.5)
The surface species conservation equation is calculated by equation 4.5. This equation
shows that the composition of the surface does not change in steady state [53].
ρcp
∂T
∂t
=
∂
∂x
(λ
∂T
∂x
)− ρcp∂T
∂t
−
Kg∑
k=1
(cpkρYkVk
∂T
∂x
ω˙hkMk) + Sq(x) = 0 (4.6)
The thermal energy calculated by using equation 4.6 shown above. The thermal en-
ergy equation is based on the thermal conductivity of the fluid mixture and represents
the heat transfer in the system described in figure 4.1 [52], [54], [55].
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As stated previously, these equations govern the stagnation flow reactor and
are solved in a steady state. The pressure is made of the average thermodynamic
pressure which is constant and a spatially varying component pm. The mass fractions
of the carrier gas and precursor gas are known at the inlet. The velocity at the
boundaries (reactor chambers) were assumed to be zero.
4.2.1 Light Irradiation Effect on Activation Energy
Little research has been done on the photo decomposition of Cu(TMHD)2.
To model the wavelength dependence on the activation energy for the precursor de-
composition, equations 4.7 and 4.8 were used. The activation energy has two main
components, the Thermal energy and the quantum energy. It was assumed that the
efficiency of the light radiation is η= 10%. This is the typical light efficiency of a gas
discharge lamp [56]. Ehν the light radiation, Et is the thermal and Ed is the total
activation energy. The Xenon lamp had a peak wavelength emission of 480 nm, so the
thermal activation energy was reduced by 5 kcal/mole. When using a higher energy
172 nm wavelength lamp, the activation energy reduced by 16 kcal/mol to 11 kcal /
mol [37], [57].
ED = ET + ηEhv (4.7)
ET = ED − ηEhv (4.8)
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4.3 Reactions
The gas phase reactions describes the interactions of each gas phase that is
present in the system. The rate expression follows the arrhenius equation,
k = Ae(−Ea/RT ) (4.9)
where A is the pre exponential factor (cm3s−1mol−1) and Ea is the activation energy
(kcal/mol). The gas phase reactions are shown below in Table 4.3. The constants are
based on exprimental data that has been obtained from the literature [36], [58]. The
precursor decomposition in the gas phase reaction is the rate determining step of the
entire reaction[53]. The assumption was made that for the precursor decomposition,
the product is the copper metal plus a general organic byproduct. Raja et al. used
this assumption for the decomposition of the Cu(TMHD)2 precursor. This reaction
is the rate limiting reaction [36]. It was also assumed that the oxidation of copper
is done at a very fast rate in the oxygen environment [36] The copper atoms are
oxidized through very fast reactions in the oxygen environment. Sticking coefficients
are the probability that the gas phase will stick adsorb to the surface. For this study
it is assumed that the sticking coefficient is 1.0. The precursor that hasn’t been
disassociated is assumed to have a negligible effect for sticking on the surface [36].
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Table 4.3: Gas phase and surface reaction mechanisms for the decomposition of the
precursor and reaction of the metals into a bulk film
Reaction A (cm3s−1mol−1) Ea (kcal/mol)
No Irradiation Cu(TMHD)2
(Copper Precursor)
−−→ Cu + p 6.03 ∗ 109 27.06
480 nm Irradiation Cu(TMHD)2
(Copper Precursor)
hν−−−−→
480nm
Cu + p 6.03 ∗ 109 21.16
172 nm Irradiation Cu(TMHD)2
(Copper Precursor)
hν−−−−→
172nm
Cu + p 6.03 ∗ 109 10.46
Oxidation 4 Cu + O2 −−→ 2 Cu2O fast n/a
Surface Cu2O −−→ Cu2O(d) 1.0 n/a
4.4 Thermodynamic Expressions
Each species in the gas phase, surface sites or bulk mixtures needs it’s own
set of thermodynamic data. Chemkin uses a polynomial fit for temperature, species,
enthalpy, entropy and specific heat capacity. The polynomial fit is shown in equation
4.10 to 4.12 below [51].
C◦pk
R
= a1k + a2kTk + a3kTk
2 + a4kTk
3 + a5kTk
4 (4.10)
H◦k
R
= a1k +
a2k
2
Tk +
a3k
3
Tk
2 +
a4k
4
Tk
3 +
a5k
5
Tk
4 +
a6k
Tk
(4.11)
S◦k
R
= a1k lnTk + a2kTk +
a3k
2
Tk
2 +
a4k
3
Tk
3 +
a5k
4
Tk
4 + a6k (4.12)
All of the thermodynamic data used in the model is given in appendix C. The data
was taken from the National Institute of Standards and Technology (NIST) material
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measurement laboratory database.
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Chapter 5
Characterization Methods for Thin
Films
5.1 Introduction
The three main characterization methods used are x-ray diffraction (XRD),
ellipsometry and transmission electron microscopy (TEM). XRD is used to measure
the crystal structure of the thin film, Ellipsometry is used to measure optical proper-
ties as well as the thickness of the film and TEM gives accurate micrographs as well
grain size and type.
5.2 X-Ray Diffraction
X-Ray diffraction is a technique that measures the molecular structure of a
crystal. XRD can measure the spaces between planes of atoms, the orientation of a
crystal and the crystallinity of a material. XRD can be used with powders, semi-
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conductors and metals. The scattered x-ray is measured and the unique diffraction
of the x-ray is used to analyze the crystal structure [59]. XRD is sensitive to layers
of nanometer thicknesses. This makes XRD immensely useful in characterizing thin
films. For electronic applications, XRD is used to check the composition, crystal
orientation, dislocations and stresses of thin films. Photovoltaics can rely on sin-
gle and/or poly crystalline growth and the crystal size, shape and crystallinity are
all measured by XRD. This has made XRD one of the most used characterization
methods for thin films and devices [60]–[62].
5.2.1 Theory
X-rays have wavelengths of a few angstroms, which is the distance between
atoms in crystalline materials. So when the x-ray interacts with planes of atoms, it will
provide constructive interference which produces a diffracted beam. The relationship
between the angle of the incoming x ray and the diffraction can be explained by
Braggs Law in equation 5.1, where λ is the wavelength of the x-ray, d is the interplanar
spacing, n is an integer which represents the order of the peak and θ is the incindence
angle. Figure 5.1 shows how Bragg’s law can be derived. Diffraction will occur only
if Bragg’s law is satisfied [63], [64].
nλ = 2d sin θ (5.1)
5.2.2 Process Steps
The X-Ray Diffractometer used is a Rigaku Ultima IV. The first step is to
open the Rigaku software, and make a file and input the scanning parameters. The
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Figure 5.1: Figure for Bragg’s law derivation
parameters that are needed are
(1) Starting angle at 20◦
(2) Ending angle at 100◦
(3) Scan speed 1◦ / minute
(4) Slit size set to 10 mm
When all these parameters are set, the sample must then be loaded into the sample
holder. It is important to make sure the X-Ray is off before opening the XRD door.
Once the door is open, the sample is loaded into one of ten holders, and then the door
is closed. Once the sample is successfully loaded, click run on the computer. Once
the measurement is complete, the data must be saved and analyzed.
5.2.3 Data analysis
Once the peaks from the XRD are measured, the peaks must be correlated
with known crystal structures. PDXL is the software used to analyze the XRD data.
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To start the elemental analysis, the elements that are present in the sample must be
selected. Because the substrate was silicon, Si was selected in the software and the
peak from the experimental data has to be matched with the known silicon peaks. To
identify the copper oxide peaks, Cu and O were selected on the elemental analysis.
From this Cu2O was found and compared to the peaks measured from the XRD.
From this the molecule and orientation of the crystal can be obtained.
5.3 Ellipsometry
Ellipsometry is a technique that measures the optical properties of thin films,
organic materials or biological materials. Since optical properties can be correlated to
structural and electronic properties, it is heavily utilized in materials science. Because
elllipsometry requires the usage of computer models, it is becoming more widely used.
Ellipsometry is also capable of structural and compositional analysis and is used to
characterize thin films because it is a non destructive method that can measure film
thickness anywhere from a few nanometers to the micron scale [65]. Measuring the
thickness is important for photovoltaic thin films because if the layer is too thin,
the photons may pass through without being absorbed resulting in a loss of energy
[66]. Characterization using ellipsometry has helped further our understanding of
photovoltaic devices. Figure 5.2 shows the basic components of an ellipsometer. The
light source is a xenon discharge lamp that provides the incoming light at different
wavelenghts with the use of filters. The polarizer generator converts the incoming light
to a linearly polarized light, which then hits the sample where a light is reflected. The
reflected light is analyzed by the polarization analyzer, where the angle is taken and
the intensity of the light is measured from the detector [67].
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Figure 5.2: Basic set up for the ellipsometer
5.3.1 Theory
The spectroscopic ellipsometer measures the change in polarization of a beam
once it is reflected from the sample. The incident light is decomposed in two compo-
nents, rs, which is s polarized light, and rp, which is p polarized light. Equation 5.2
is shown below to show the relationship of the measurements.
ρ =
rp
rs
= tan Ψe(i∆) (5.2)
The ellipsometer measures the ratio of rp and rs, which is the complex reflectance
ratio, ρ. ρ is parameterized by the amplitude, Ψ and the phase difference, ∆. Since
the Ψ and ∆ cannot directly be used to measure the optical constants, a model is
derived from the known properties of the individual layers, such as refractive index.
The model uses an iterative procedure based on theoretical Ψ and ∆ values to create
a fit between the theoretical and experimental Ψ and ∆ values. To achieve this the
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Figure 5.3: Cartoon showing the light that is absorbed and reflected from the Cu2O
thin film and the silicon substrate
model calculates a predicted response based on fresnel’s equations using thickness
values and optical constants, such as refractive index, n, and absorption index, k.
Figure 5.3 is a cartoon of how thickness is measured using ellipsometry. An incident
light wave is shined onto the substrate, some of it is absorbed and some of it is
reflected off to the analyzer. To calculate the thickness from the incident angles, the
refractive index of all the materials must be known.
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Figure 5.4: Cartoon showing where the ellipsometry measurements were taken on the
Cu2O thin films
5.3.2 Process Steps
The ellipsometer is a Sopra GES-5, and it is capable of providing wavelengths
from 230-900 nm with a beam diameters from 1 to 5 mm. It has an angle of incidence
range from 7 to 90 degrees with a resolution of 0.01 degrees. The software used to
analyze the results as WinElli 4.0 [68]. For each sample, four measurements were
taken on the outer region and four measurements were taken in the center of the film
as shown in Figure 5.4. The values of Ψ and ∆ versus wavelength are measured. Once
those measurements are taken, the Winelli software is used to calculate the thickness
values.
(1) Open WINELLI software
(2) Open the .dat file from the scan
(3) Choose ”regression” from the ”Analysis” tab
(4) Set the layer type of layer 1 and 2 (continue for however many layers are present)
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(5) Click ”run” and determine the thickness of the layer
The output from the program will show the fit of the model (experimental vs the-
oretical) and the result will give a 95% confidence interval for the thickness of the
layer.
5.4 Transmission Electron Microscopy
With increasing focus on micro and nanomaterials in materials science, there is
a need for characterization methods in that scale. Transmission Electron microscopy
provides atomic resolution by utilizing the interaction of electrons with the material.
TEM is used to analyze thin film sections less then 100 nm. It is a powerful tool
to measure structure property relationships and microstructure analysis [69], [70].
TEM has been used in photovoltaic thin film research to analyze the grain size and
grain boundaries of thin films. Grain boundaries are defects within the film that can
negatively effect photovoltaic efficiency [71]. With TEM it is possible to characterize
the grain sizes and distributions in the thin films. This makes TEM a practical
method to characterize photovoltaic thin films [72].
The samples were processed by Dr. Jagdish Narayan and Mr. Fan Wu at NC
State University. The TEM system was a JEOL-2010F Field Emission TEM. The
samples were prepared by an Argo ion milling procedure, which used an incidence
angle of 3◦ at 3keV. Then the samples were run in the TEM, and cross section images
of the sample were taken. The grain sizes and grain types were measured by Mr. Fan
Wu at NC State University [73].
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5.5 Conclusion
The three characterization methods used in this study are all critical for veri-
fying the results of the model. The X-Ray diffraction is used to measure the crystal
structure and verify which materials are being grown onto the substrate. Ellipsom-
etry measures the optical properties and thickness of the thin film and transmission
electron microscopy gives the grain sizes and types and verifies the results from the
XRD and the Ellipsometer.
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Chapter 6
Results and Discussion
This chapter will display and discuss the results obtained from the model
and characterization methods described in the previous chapters. From the model,
analysis of the effects of gas temperature, surface temperature, O2 pressure and light
irradiation sources were done. For the characterization results, XRD was used to mea-
sure the crystal structure and relative crystallinity, ellipsometry was used to measure
the film thickness and TEM was used to measure the grain size and grain types of
the Cu2O thin films.
6.1 Model Results
6.1.1 Gas Temperature Effects
The gas phase temperature had a small effect on the Cu2O film. Figures 6.1
and 6.2 show the difference between a gas temperature of 100 ◦C and 150 ◦C with light
irradiation and without respectively. At lower surface temperatures it doesn’t have
any significant affect on the growth rate. At higher surface temperatures the growth
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rate for a gas temperature of 100 ◦C is slightly greater than the gas temperature of
150 ◦C. The difference in growth rate is around 2-3% which is not significant. This
shows that the amount of gas phase molecules present in the reactor are similar at
100 ◦C and 150 ◦C. This means that increasing the gas temperature is not increasing
the decomposition of the precursor, and past 100 ◦C, the gas temperature is not a
limiting factor. This was observed when the model was run with light irradiation and
without light irradiation.
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Figure 6.1: Growth rate of Cu2O at different precursor gas temperatures grown with
light irradiation
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Figure 6.2: Growth rate of Cu2O at different precursor gas temperatures without
light irradiation
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6.1.2 O2 Pressure Effects
Figures 6.4 and 6.3 show the effect of gas flow rate on growth rate with and
without light irradiation. There is a linear relationship between the gas flow rate
and growth rate of the film. The linear relationship is shown in figure 6.5, where
the trend line shows a strong indication of a linear growth rate dependence on O2
pressure. For the film grown with light irradiation in figure 6.3, there is no difference
in the flow rate below 300 ◦C. This can also be seen in the film grown without light
irradiation at a surface temperature below 500 ◦C. This shows that there is a limiting
factor other than flow rate below these temperatures. Below these temperatures, the
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Figure 6.3: Growth rate of Cu2O at different O2 pressures with light irradiation
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limiting factor is the energy in the system. With substrate temperatures that low,
very few gas phase molecules are decomposing and being reacted on the substrate. In
this case the substrate temperature is the limiting factor. This temperature is lower
when grown with light irradiation because the light irradiation will photodecompose
the gas phase molecules. After 300 ◦C and 500 ◦C respectively, an increase in gas flow
rate will increase the amount of gas phase species that can react with the substrate.
Thus, by increasing the gas flow, the adsorption and reaction rates will increase.
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Figure 6.4: Growth rate of Cu2O at different O2 pressures without light irradiation
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Figure 6.5: Growth rate of Cu2O as a function of O2 pressure
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6.1.3 Light Irradiation
Figure 6.6 shows the growth rates when a 172 nm, 480 nm light irradiation is
used and without any light irradiation. The gas temperature is 150 ◦C and the O2
pressure is 100 sccm. At a surface temperature of 200 ◦C, the growth rate was zero
when no light irradiation was used. This shows that at 200 ◦C, there is not enough
energy in the system for any reaction to take place without any light irradiation
source. When a 480 nm light irradiation source is used, the growth rate is 2.25 ∗ 10−2
nm/min, which shows that while the reaction can take place at a surface temperature
of 200 ◦C, the amount of film grown is negligible. At a surface temperature of 200
◦C, without UV light the reactant molecule returns to the gas phase and therefore
does not deposit on the substrate. The increase in growth rate when the light is
present is because the precursor molecule will absorb the light and excites the molecule
enough to decompose and deposit on the substrate[74]. In Figure 6.7, the top curve
represents the difference in growth rate from the 172 nm light irradiation source and
no light irradiation source, and the bottom represents the difference between a 480
nm light irradiation source and no light irradiation source. Both curves show that
the effect of the light irradiation source has a local maximum at 400 ◦C. This shows
that between 400 and 500 ◦C, there is enough energy in the system for the film to
grow without any light irradiation source. After which, the growth rate of the film
grown without any light irradiation is faster, and the growth rate difference of the 172
nm is increasing. So even with more thermal energy, the 172 nm wavelength is more
decomposing the precursor more efficiently allowing even more Cu2O atoms to adsorb
on the surface. This shows that around 400 ◦C the effect of the light irradiation is
maximized, and the effect of the 172 nm wavelength is maximized past 700 ◦C. Figure
6.6 shows a comparison of the growth rates for no light radiation, 480 nm and 172
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Figure 6.6: Comparison of growth rates using 172 nm, 480 nm and no light irradiation
nm wavelengths. With a 172 nm wavelength UV light, the difference is greatest
at a surface temperature of 700 ◦C. The gas phase decomposition of the precursor is
more efficient at 172 nm then at 480 nm. This is because at 172 nm, the light would
have an energy of 7.2 eV which is much greater than the energy in a C-C bond in an
organic precursor [46].
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Figure 6.7: Difference in growth rates when grown with 172 nm, 480 nm against no
light irradiation
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6.1.4 Optimal Parameters
Using a lamp that has a peak wavelength of 172 nm would enhance the effect
of the photo assisted deposition. A 172 nm light source would decrease the activation
energy by 10 kcal/mol. Figure 6.8 compares the growth rates with all the paramaters
optimized against the 480nm wavelength used in the system. To maximize the growth
rate, the Gas Temperature is to be at 100 ◦C, the O2 pressure is at 100 sccm and the
wavelength of the light source is 172 nm. The growth rate increases from 8 nm/min
to 10 nm/min at a surface temperature of 700 ◦C for an increase of 25%.
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Figure 6.8: Growth rate with all paramaters optimized
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6.2 Characterization Results
6.2.1 Ellipsometry Results
The thickness of the copper (I) oxide thin film was measured using an el-
lipsometer. Table 6.1 summarizes the results obtained from the ellipsometer. The
intervals are calculated based on a 95% confidence interval. There is a very noticable
difference in the thicknesses from the center and outer parts of the film. The film is
much thicker in the center than in the outer layer. The outer layer acts as a transition
region, where the variability of the film thickness is very large. The light source is
more focused on the center of the film, which is why there is difference in the thick-
ness and variation from the two samples. The growth of the film grown with light
radiation was higher than the film growth without light irradiation for the center of
the film. Typically, as thickness increases the variation also increases, but with the
film grown with light irradiation the variation actually decreases. This shows that
more uniform growth occurs with a light irradiation source. The source of variation
in the film thickness is due to both surface roughness and inhomogenous layers [65].
With the lowered activation energy, the film was grown with a greater efficiency and
less precursor was exhausted through the reactor chamber [74].
Table 6.1: Ellipsometry results showing the thickness of each layer that is present on
the silicon substrate
Layer 480 nm irradiation No light irradiation
Center 98 ± 6 nm 74 ± 10 nm
Outer 44 ± 30 nm 40 ± 30 nm
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6.2.2 X-Ray Diffraction Results
The Cu2O films were analyzed using X-Ray Diffraction. Figure 6.9 shows
the XRD results for the Cu2O films grown with the 480 nm light irradiation and
Figure 6.10 shows the results for the film grown without light irradiation. The data
indicates highly crystalline peaks for the film. The intensity of the Cu2O peaks are
shown in Table 6.2. The higher peak shows that the crystallinity and grain sizes are
greater on the film grown with light irradiation radiation. The peak at a 2θ of 42◦
corresponds to a (200) crystal orientation and the peak at 36.5 corresponds to a (111)
crystal orientation. There is an additional peak at a 2θ of 62.45, which corresponds
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Figure 6.9: XRD results of Cu2O film grown with 480 nm light irradiation
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Figure 6.10: XRD results of Cu2O film grown without light irradiation
Table 6.2: XRD peak heights for all the Cu2O crystal orientations present in each
sample
Crystal Orientation With Light Irradiation No Light Irradiation
(1 1 1) 113.3 70
(2 0 0) 105.8 50.8
(2 2 0) 61.5 No Peak
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to a (220) crystal orientation in the sample grown with light irradiation. In both
cases there is no indication of any unwanted CuO growth. The silicon peak is not as
pronounced in the film grown without light irradiation. One conclusion that can be
drawn from this is that a thin layer of SiO2 has formed beneath the Cu2O layer. A
layer would not be able to form beneath the Cu2O passivating layer if the film was
uniform, but because of the porous nature of the film, the silicon may have had a
chance to oxidize after the deposition was done.
6.2.3 TEM Results
TEM was used to characterize the grain size and grain types in the Cu2O thin
films. The imaging and analysis were done by Dr. Jagdish Narayan and Mr. Fan
Wu from N.C. State University [73]. Figure 6.11 shows the TEM images taken. The
details of the results are described below.
For the Cu2O film on Si substrate without light irradiation, only one type of
Cu2O grains exist in the sample, as shown in bright-field TEM cross-section micro-
graph in Fig. 6.11(a). The average size of the width of the grains is summarized in
Table 6.3. For the Cu2O film on Si substrate with UV irradiation, two types of Cu2O
grains exist in the sample, type 1 and 2 which appear adjacent to each other.
The second grain type in the Cu2O is shown by the peak in figure 6.9. The
peak that is present in figure 6.9 that is not present in 6.10 is the (220) peak at a 2θ
of 62.48. Without the UV radiation, the preferred growth of the Cu2O grains is only
Table 6.3: Grain sizes of Cu2O film grown with light irradiation and without [73]
With light irradiation Without light irradiation
Grain Size type 1 (nm) 550 +- 50 285 +- 115
Grain Size type 2 (nm) 250 +- 50 not present
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Figure 6.11: a) Cu2O film on Si substrate without light irradiation; b) Cu2O film on
Si substrate with light irradiation [73]
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type 1. With the light irradiation, the Cu2O has enough energy to form the second
grain type. At a lower activation energy, the critical radius of the grains increase
which allows for larger clusters and larger grain sizes [75].
6.3 Comparison of the Model and Experimental
Results
Table 6.4 shows the effect of light irradiation on film thickness from the model
and the ellipsometry results.The parameters used for the comparison are:
(1) Ten minute deposition,
(2) 150 ◦C gas temperature,
(3) 700 ◦C surface temperature, and
(4) Gas flow rate of 100 sccm.
Any variations will come from surface roughness, which the model does not
take into account. Other limitations the model has is the assumption the lack of
nucleation reactions and particle data which would help model the grain growth of
the cuprous oxide. The model did show that the growth rate increased with UV
Table 6.4: Effect of light irradiation on film thickness from model and experimental
results
Film Thickness (nm)
Light Irradiation No Light Irradiation
Model 68.8 76.1
Experiment 74 ± 10 98 ± 6
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irradiation, and is capable of getting much higher by using the 172 nm lamp that has
been proposed. This supports the hypothesis that the UV irradiation helps not only
the growth rate of the films but can increase the grain size and would overall improve
the electrical characteristics of the film.
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Chapter 7
Conclusion
7.1 Summary
There is a demand for cheaper, more efficient photovoltaic cells. To meet these
demands, it is important to maximize the quality and growth of thin films used in
PV devices to improve the efficiency of the devices. Copper (I) Oxide is a direct band
gap semiconductor material with a band gap of 2.2 eV. Copper is abundant in the
earth’s crust, is very cheap to produce and benign environmentally.
This work focues on a Photo Assisted CVD (PACVD) reactor used to process
semiconductor materials for use in photovoltaic devices. The light irradiation that the
system uses is in the sub 500 nm range. The light irradiation will reduce the activation
energy for the precursor decomposition and enhance the grain growth. Copper (I)
Oxide was grown with and without UV irradiation and the structural properties were
compared. A model was developed to investigate the effect of light irradiation on the
Cu2O film growth rate.
A stagnation flow model was used to model the PACVD reactor. Chemkin-
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Pro software was used to solve the stagnation flow reactor model. A stagnation flow
model is valid for a wide variety of processing conditions and gives a spatially uniform
film thickness. The stagnation flow model was able to accurately predict the increase
in growth rates with the use of light irradiation. The effect of gas temperature on
the growth rate increases linearly. The growth rate is increased when reducing the
precursor oven temperature from 150◦ C to 100◦ C. This shows that the precursor is
more efficiently vaporized/sublimed at 100 ◦ C. The model also calculated that the
difference in growth rates peaks at 400◦ C, which shows that past 400◦, thermal effects
become more prominent. If the wavelength of the lamp is decreased from 480nm to
172nm, the growth rate increased about 25%.
Results from the X-Ray diffraction, Ellipsometry and Transmission Electron
Microscopy (TEM) showed that the grain sizes, crystallinity and growth both im-
proved when depositing with the light irradiation source. The TEM showed that
the grain sizes nearly doubled from 285nm to 550nm when grown with light irra-
diation. XRD peaks were 30-40% higher when grown with light irradiation, and it
also detected Cu2O grown in a (220) orientation which was not observed when grown
without light irradiation. This was confirmed by the TEM when another grain type
was present.
7.2 Future Direction
The model has some limitations. Since the full photo decomposition of the
Cu(TMHD2 precursor has not been studied, a simple reduction of activation energy
using the light dependence equation from [37] was used. For future studies the pho-
todecomposition can be measured in-situ using an FTIR that would determine the
byproducts and intermediate steps of the reaction. Also with accurate inputs for the
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condensed phase material and the nucleation reaction, the model would be able to
accurately predict the grain growth of the material.
The PACVD system is advantageous for low temperature deposition, improved
film quality, improved device quality and lower processing costs. The system can be
optimized further by using a 172nm UV lamp. Further studies would include improv-
ing the model as mentioned previously, and also conducting the characterization data
on a larger sample size.
Copper (I) Oxide thin films are best utilized as an active layer in a multi-
junction solar cell. A multijunction, multi-terminal cell with Copper(I) oxide grown
epitaxially with a ZnO active layer on a silicon wafer has enormous potential as a
cheap high efficient PV cell. Future studies would include optimizing the growth of
ZnO on Cu2O and creating a heterojunction. Then a PV cell can be made by doping
the layers, adding an anti-reflective (AR) coating and depositing the contact layers.
Optimizing this process has a potential to be groundbreaking because of the low-cost
high efficiency potential of the multijunction PV cell.
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Appendix A
Photo Assisted CVD Reactor
A.1 Previous samples run
This section will discuss the process in which we obtained the final processing
parameters used for the work in the thesis.
Table A.1: Nishant Gupta’s processing parameters [76]
Surface Temperature (K) 823
Gas temperature (K) 413
O2 flow rate (sccm) 80
N2 flow rate (sccm) 200
N2O flow rate (sccm) 80
Figure A.1 shows the XRD data from Nishant’s sample. It shows strong Cu2O
peaks with a crystal orientation of (200). Films were grown both on quartz and
silicon. Silicon peaks were weak likely due to amorphous SiO2 forming beneath the
Cu2O layer. This layer doesn’t form using a more inert quartz substrate. Small
amounts of CuO were present in both samples.
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Figure A.1: XRD data from Nishant’s sample reprinted without permission [5]
Table A.2: Processing parameters used for sample 1
Surface Temperature (K) 773
Gas Temperature (K) 423
O2 flow rate (sccm) 100
N2 flow rate (sccm) 200
N2O flow rate (sccm) 80
Examining the pipes used for the carrier gas, a lot of metal was deposited on
the inside of the pipe. When this was found out we cleaned the pipes out completely
and made sure no metal was left inside of the pipe.
Sample 1 Copper metal formed, XRD data showed strong copper peaks, as shown in
Figure A.2
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Figure A.2: XRD data showing copper metal peaks
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Table A.3: Processing parameters used for sample 2
Surface Temperature (K) 673
Gas temperature (K) 423
O2 flow rate (sccm) 100
N2 Flow Rate (sccm) 50
N2O Flow Rate (sccm) 80
N2 Flow rate was reduced to lower the rate that copper was being formed so
copper oxide could form more readily.
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Figure A.3: XRD data showing amorphous Cu2O
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Table A.4: Processing parameters used for sample 3
Surface Temperature (K) 973
Gas temperature (K) 423
O2 flow rate (sccm) 100
Observations based on XRD showed broad, amorphous peaks, as shown in Figure A.3
Based on information from the literature, it was found that nitrogen could be
doping the wafer as a p-type semiconductor [77]. Githin’s experiments required an
n-type Cu2O layer, so we decided to change the system from a nitrogen carrier gas to
an oxygen carrier gas, as well as removing the N2O oxidizing gas.
The next sample, the substrate temperature was raised to increase the crys-
tallinity of the Cu2O thin films. The XRD data, shown in Figure A.4 shows very
crystalline Cu2O peaks. This sample was a success and changing the system did im-
prove the XRD results. After this, the two next samples were used for this thesis,
using these same processing conditions except one was grown without light irradiation
and the other was grown with light irradiation.
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Figure A.4: XRD data showing crystalline Cu2O with the revised system
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A.2 Preparation of Silicon Wafer for Chemical
Vapor Deposition
The silicon wafer is a p-type, boron doped wafer with a (100) crystal orienta-
tion. The thickness is 420 ± 25 micrometers with the surface and back side polished.
To prepare the silicon wafer, the first thing that must be done is the etching of
the wafer to remove any unwanted SiO2O layer that may have formed. Hydrofluoric
acid (HF) was used as the etching acid. HF is a very strong acid and proper precau-
tions must be used. It is important that the etching be done in a vacuum hood, so
all the vapors can be exhausted. A full lab coat must be worn with nitrile gloves.
(1) Done in vacuum hood
(2) Handled with Nitrile gloves
(3) Put wafer in water bath at room temperature
(4) Put 5mL of concentrated HF in bath
(5) Let sit for 10 minutes
(6) Wafer removed and put into water bath at room temperature
(7) Let soak for 10 minutes to wash off any remaining HF from wafer
(8) Blown dry with UHP N2
(9) Placed on clean room towel
(10) Once Dry, Wafer carefully placed in Wafer Holder
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A.3 Process for Deposition of Copper (I) Oxide
on Wafer
For the deposition of Copper (I) Oxide with the Photo Assisted CVD reactor,
all proper precautions must take place. A lab coat with shoe covers and a hair net
must be worn at all times. This is to make sure no outside dust and particles get
inside the reactor.
The parameters for this reactor were used because of the experimental data
as well as the literature. The parameters can be changed if needed.
(1) Turn on MKS gas controller
(2) Turn on computer
(3) Open pneumatic N2 cylinder
(4) Check precursor
(a) Turn on roughing pump
(b) Open roughing valve
(c) On LabView, open valve sequence file, turn on V1 (set 2)
(d) Wait till pressure on gauge 2 is less than 5 ∗ 10−2 torr
(e) Close roughing valve
(f) Open air admittance valve
(g) Open precursor oven
(h) Remove left over precursor
(i) Load new precursor in boat, distribute it evenly
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(j) Close precursor oven
(k) Close air admittance valve
(l) Open roughing valve
(m) Open MV2
(n) Open MV5 (if closed)
(o) Wait till pressure on gauge 2 is less than 5 ∗ 10−2 torr
(p) Close MV2
(q) On LabView, turn off V1 (Set 2)
(5) Load wafer
(a) Close roughing valve
(b) Open air admittance valve
(c) Load wafer
(d) Close air admittance valve
(e) Open roughing valve
(f) Wait for 5 minutes – plug in heater, theromocouple.
(g) On Lav, Open VMFC6 (H2 Valve)
(h) On LabView, Open VMFC5 (N2O valve)
(i) Wait for pressure on gauge 2 to be less than 5 ∗ 10−2 torr
(6) Open all gas cylinders outside the lab
(7) On LabView, Open the following programs:
(a) UV control with Timer
78
(b) PWM controller of the precursor oven, run
(c) PWM controller of the Cu precursor oven, Change T = 150 ◦C, RUN
(d) The ultimate reader with control, run
(e) UV control with timer, RUN
(f) CuxOx deposition cycle, set t=600 s.
(8) After target pressure is attained, turn off VMFC5 on LabView
(9) Close MV2 (oxygen valve)
(10) Turn on heater, wait for T= 700 ◦C
(11) Turn on Cu Precursor Oven heater from LabView’s Ultimate Reader
(12) Open H2 valve on the wall
(13) On MKS, go to extended display, turn on channel 3 (H2)
(14) When target temperature is attained, Turn on UV toggle switch
(15) Turn on UV Cooling valve on wall
(16) Turn on UV toggle switch on UV control program.
(17) Depress brown push switch on UV power supply
(18) Ensure that UV lamp has turned on and is not flickering
(19) Turn on delivery line heater from LabView’s ultimate reader
(20) Wait until wafer cleaning is over (5 minutes)
(21) Close H2 valve and UV valve on the wall 1 minute after the lamp goes off.
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(22) Use toggle switch on LabView and stop the program “UV Control with Timer”
(23) Ensure that the delivery line and the precursor oven is at 150 ◦C.
(24) Run CuxOx deposition program on LabView
(25) Open N2O, O2 valve on the wall
(26) Open MV2
(27) Ensure MV5 is open
(28) Check flow rate for channel 4, 5 and 7 on MKS controller
(29) Wait for deposition to finish and UV lamp to turn off
(30) Turn off heater
(31) Turn off UV toggle switch on UV power supply
(32) Wait one minute and turn off all gas lines on the wall (including UV cooling)
(33) Turn off MKS System
(34) Close MV2
(35) Close valve at all cylinders
(36) Turn off all LabView programs. Turn off computer
(37) When T ¡ 50 ◦C, close roughing valve
(38) Open air admittance
(39) Unload wafer and move wafer to storage
(40) Close air admittance
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(41) Open roughing valve
(42) Wait for pressure on gauge 2 < 10−2
(43) Close roughing valve
(44) Turn off roughing pump.
A.4 PACVD Reactor Pictures
Figure A.5: Photo Assisted CVD reactor used for deposition equipped with a quartz
viewing window
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Figure A.6: Reactor chamber with precursor gas inlet shown
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Figure A.7: Lamp used for deposition process, located inside tube which is inside the
reaction chamber
Figure A.8: Precursor oven with thermocouple controlling the temperature
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Figure A.9: Substrate heater with electrodes attached underneath the substrate
Figure A.10: Stokes pump used to reach a high vacuum in the chamber, pipe attached
is attached to the bottom of the reaction chamber
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Appendix B
Characterization Details
B.0.1 X-Ray Diffraction
Figure B.1 shows the sample holder for the Rigak Ultima IV XRD. It can be
used for thin films, powders and bulk materials. It is capable of handling up to 10
samples at a time, but in this case only the single sample operation was used. The
known Cu2O peaks are shown below in Table B.1
Table B.1: Known Cu2O XRD peaks
2θ d-Value Intensity h k l
29.98 2.978 25 1 1 0
37.01 2.427 100 1 1 1
42.61 2.120 100 2 0 0
62.45 1.486 75 2 2 0
74.40 1.274 50 3 1 1
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Figure B.1: XRD sample holder
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B.1 Ellipsometer
A Sopra GES-5 ellipsometer was used to calculate the thickness of the Cu2O
thin film. Optical constants N (refractive index) and K are calculated from the
phase (∆) and amplitude (Ψ) measurements. A model is generated using the known
refractive index of the thin film layers. The model is then fitted with the experimental
data. The closer the fit is, the more accurate the results from the experiment will be.
The figures below show the results of the nk values and how they fit with the proposed
model. Figures B.2 and B.3 show the output data from the ellipsometer. There is
some disrepency from the model and the experimental data. The main sources of the
error are due to roughness and porosity in the film and/or a nonhomogenous layer.
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Figure B.2: Ellipsometry data for Cu2O grown without light irradiation
WINELLI 4.08 SOPRA
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Figure B.3: Ellipsometry data for Cu2O grown with light irradiation
 WINELLI 4.08  SOPRA
Ellipsometry / Reflectivity / Transmissivity Spectra Simulation And Analysis 
Date : 5/26/2014                   Time : 17:45
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B.2 Transmission Electron Microscopy
The TEM results were obtained by Dr. Jagdish Narayan from NC State Uni-
versity. The samples were shipped via UPS and the images were then emailed to us.
All of the grain size calculations were done by Dr. Jagdish Narayan’s group [73].
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Appendix C
Stagnation Flow CVD Model
This appendix shows the inputs required to run the Chemkin-Pro simulation.
The inputs are based on thermodynamic, transport and kinetic properties of the
species that are prevalent in both the gas phase and surface reactions. The informa-
toin is taken from the Chemkin-Pro theory and input manuals [51]. In both cases,
the elements and the species must be declared, and properties have to be given for
every species that has been declared.
C.1 Gas Phase Parameters
Gas phase parameters contain the thermodynamic and transport properties
for all the gas phase species that are present. The transport properties are how the
species act within the reactor. It is from transport due to diffusion, convection or
conduction. The next part of the input is the thermodynamic properties. The 14
constants that are used are based on the enthalpy, entropy and specific heat capacity
of the gas phase species.
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ELEMENTS
CU H N O C ! E SI
END
SPECIES
C22H38CUO
C22H38O4 
CU2O
CU
!SI
O2
!O2-
END
TRANSPORT
O2- 1   107.400     3.458     0.000     1.600     3.800
CU+    0   331.2       2.33      0.000     0.000     0.000  !(mec)
C22H38CUO   2   471.0       6.71      0.000     0.000     1.000  !(mec)
C22H38O4-          2   362.6       4.53      0.000     0.000     1.000  !(mec)
C22H38O4           2   362.6       4.53      0.000     0.000     1.000  !(mec)
CU    0   331.2       2.33      0.000     0.000     0.000  !(mec)
CU2O    1   408.0       4.73      0.000     0.000     1.000  !(mec)
END
THERMO 
!SUBSTRATE SOLID
SI                      SI  1               S   298.150  1100.000 1100.00      1
 3.24293139E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    2
-1.18732059E+03-1.66830955E+01 2.11407411E-01 1.21749714E-02-2.09812985E-05    3
 1.68583307E-08-5.06250367E-12-4.49727120E+02-1.77839416E+00 4
 C22H38CUO4              C  22H  38CU  1O   4G   298.000  1100.000 1100.00                             1
 3.88474488E+00 3.46111357E-02-1.68004699E-05 4.81309526E-09-8.84698348E-13     2 
-1.24015732E+04 8.28830147E+00-1.41624498E+01 1.63966402E-01-3.73684277E-04    3
 4.50672758E-07-2.12254214E-10-1.03202051E+04 8.51073914E+01 4
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C22H38O4                C  22H  38O   4     G   298.000  1100.000 1100.00      1
 4.12186631E+01 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    2
 0.00000000E+00-2.84728438E+02 4.12186631E+01 0.00000000E+00 0.00000000E+00    3
 0.00000000E+00 0.00000000E+00 0.00000000E+00-2.84728438E+02 4
!METAL RELEASED FROM DECOMPOSITION
CU                      CU  1               G   298.000  1100.000 1100.00      1
 2.50148714E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    2
 3.98331214E+04 5.75864183E+00 2.50650745E+00-5.02700923E-05 1.35748484E-07    3
-1.53145716E-10 6.13742789E-14 3.98340718E+04 5.74213472E+00 4
!OXIDIZING AGENT
O2                121386O   2               G   300.000  5000.000 1000.00      1
 3.69757800e+00 6.13519700e-04-1.25884200e-07 1.77528100e-11-1.13643500e-15    2 
-1.23393000e+03 3.18916600e+00 3.21293600e+00 1.12748600e-03-5.75615000e-07    3
 1.31387700e-09-8.76855400e-13-1.00524900e+03 6.03473800e+00 4
!FINAL PRODUCT CU2O                    O   
1CU  2          G   298.000  1100.000 1100.00                                                                                  1
 9.93091145E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    2 
-2.42531584E+04-4.70190344E+01 4.47124634E+00 1.42762904E-02-1.54573671E-05    3 
 6.66156910E-09-2.78251912E-13-2.23754393E+04-1.79905236E+01 4
C.2 Surface Parameters
The following input parameters are the parameters for the surface parameters
used for the CVD simulation. First it has to declare the wafer material, which in
this case is silicon. Once that is set the thermodynamic properties of all the surface
species present in the reactor.
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ELEMENTS
CU H N O SI
SPECIES 
SI CU2O 
END
MATERIAL WAFER
 SI(S) CU2O(S) 
END
BULK SI(B)/2.33/
BULK CU2O(D) /6.00/
THERMO 
SI(S)             J 3/67SI  1    0    0    0S   300.000  1685.000              1
 0.24753989E 01 0.88112187E-03-0.20939481E-06 0.42757187E-11 0.16006564E-13    2
-0.81255620E 03-0.12188747E 02 0.84197538E 00 0.83710416E-02-0.13077030E-04    3
 0.97593603E-08-0.27279380E-11-0.52486288E 03-0.45272678E 01 4
SI(B)             J 3/67SI  1    0    0    0S   300.000  1685.000              1
 0.24753989E 01 0.88112187E-03-0.20939481E-06 0.42757187E-11 0.16006564E-13    2
-0.81255620E 03-0.12188747E 02 0.84197538E 00 0.83710416E-02-0.13077030E-04    3
 0.97593603E-08-0.27279380E-11-0.52486288E 03-0.45272678E 01 4
CU CU  1               G   298.000  1100.000 1100.00      1
 3.54529286E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    2
-1.29815793E+03-1.66783101E+01 2.55218322E+00 1.49928398E-03-4.00332197E-07    3
-1.02408137E-09 8.13709122E-13-8.22448042E+02-1.09739968E+01 4
CU2O                    O   1CU  2          G   298.000  1100.000 1100.00      1
 9.93091145E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    2
-2.42531584E+04-4.70190344E+01 4.47124634E+00 1.42762904E-02-1.54573671E-05    3
 6.66156910E-09-2.78251912E-13-2.23754393E+04-1.79905236E+01 4
CU2O(S) O   1CU  2          S   298.000  1100.000 1100.00      1
 1.00220040E+01 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    2
 2.30423309E+03-4.76424213E+01 3.82848368E+00 1.94102388E-02-2.97217760E-05    3
 2.27048649E-08-6.43027704E-12 4.32112919E+03-1.53581306E+01
4
CU2O(D) O   1CU  2          S   298.000  1100.000 1100.00      1
 1.00220040E+01 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    2
 2.30423309E+03-4.76424213E+01 3.82848368E+00 1.94102388E-02-2.97217760E-05    3
 2.27048649E-08-6.43027704E-12 4.32112919E+03-1.53581306E+01
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CU2                     CU  2               G   298.000  1100.000 1100.00      1
 4.58569334E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00 0.00000000E+00    2
 5.69572714E+04 2.84230714E+00 3.96340980E+00 2.42685378E-03-4.11527625E-06    3
 3.28655281E-09-9.85023666E-13 5.71136652E+04 5.92281183E+00 4
N2O               121286N   2O   1          G   300.000  5000.000 1000.00      1
 4.71897700e+00 2.87371400e-03-1.19749600e-06 2.25055200e-10-1.57533700e-14    2
 8.16581100e+03-1.65725000e+00 2.54305800e+00 9.49219300e-03-9.79277500e-06    3
 6.26384500e-09-1.90182600e-12 8.76510000e+03 9.51122200e+00 4
N2                121286N   2               G   300.000  5000.000 1000.00      1
 2.92664000e+00 1.48797700e-03-5.68476100e-07 1.00970400e-10-6.75335100e-15    2
-9.22797700e+02 5.98052800e+00 3.29867700e+00 1.40824000e-03-3.96322200e-06    3
 5.64151500e-09-2.44485500e-12-1.02090000e+03 3.95037200e+00 4
O2                121386O   2               G   300.000  5000.000 1000.00      1
 3.69757800e+00 6.13519700e-04-1.25884200e-07 1.77528100e-11-1.13643500e-15    2
-1.23393000e+03 3.18916600e+00 3.21293600e+00 1.12748600e-03-5.75615000e-07    3
-1.23393000e+03 3.18916600e+00 3.21293600e+00 1.12748600e-03-5.75615000e-07    3
 1.31387700e-09-8.76855400e-13-1.00524900e+03 6.03473800e+00 4
H2                J 3/77H   2    0    0    0G   300.000  5000.000
              1   .30558123+01   .59740400-03  -.16747471-08  -.21247544-10   .25195487-14    2
  -.86168476+03  -.17207073+01   .29432327+01   .34815509-02  -.77713819-05    3
   .74997496-08  -.25203379-11  -.97695413+03  -.18186137+01
4
END
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